Abstract Mutations in the GJB2 gene are associated with hereditary hearing loss. Although most studies of GJB2 mutations have dealt with hearing-impaired patients, there are few reports of the frequency of these mutations in the general population. The purpose of this study is to evaluate the prevalence of GJB2 mutations causing inherited deafness in the general Korean population. Blood samples were obtained from 2,072 newborns with normal hearing. The dried blood samples were subjected to PCR to amplify the entire coding region of the GJB2 gene, which was followed by direct DNA sequencing. A total of 24 different sequence variants were identified in the coding region of GJB2, including eight pathogenic mutations
Introduction
Hearing impairment is a common disorder that affects approximately 1 in 1,000 children, and about 50% of the cases are of genetic origin ). Genetic deafness is highly heterogeneous, with more than 100 genes predicted to cause this disorder in humans (Steel and Kros 2001) . In spite of this large genetic heterogeneity, mutations in the GJB2 gene encoding connexin 26 (Cx26) are responsible for approximately half of the cases of severe-to-profound autosomal-recessive, non-syndromic hearing loss in many populations (Van Camp et al. 1997; Zelante et al. 1997) . Published mutations and polymorphisms in GJB2 and other connexin-encoding genes are available at the connexin-deafness home page (http://davinci.crg.es/deafnss/). More than 90 different GJB2 mutations have been described to be associated with recessive forms of non-syndromic hearing loss thus far. A single mutation of this gene (c.35delG) accounts for approximately 70% of the mutations in Caucasians, with a carrier frequency of 2-4% in Europe (Zelante et al. 1997; Green et al. 1999; Lucotte and Diéterlen 2005) . Conversely, it is less frequent or even absent in other ethnic groups. In these other groups, different mutations prevail: for instance, c.235delC displays a carrier frequency of 1-2% in the Japanese population (Abe et al. 2000; Ohtsuka et al. 2003) ; c.167delT has a carrier frequency of 4.03% in the Ashkenazi Jewish population (Morell et al. 1998 ); p.V37I has a carrier frequency of 8.5% in the Thai population (Wattanasirichaigoon et al. 2004) . In the present study, we have investigated the carrier frequency of the GJB2 (connexin-26) mutations causing inherited deafness in the general Korean population. This is the first study of deafness-related mutations conducted with the aim to evaluate carrier frequency in this country.
Materials and methods
In total, 2,072 subjects from the Korean neonatal screening program for metabolic disorders were selected, beginning in 2006. All subjects showed normal responses in their transient evoked otoacoustic emissions (TEOAEs). Informed consent was obtained from the parents of all subjects. Whole blood was obtained from each child and dried on filter-paper cards. The cards were rendered anonymous, assigned a random number, and then the blood samples were used for DNA extraction. To identify GJB2 mutations, DNA fragments containing the entire coding region were amplified using the two sets of primers for exon 2: set 1 (forward primer: GTC TCC CTG TTC TGT CCT AG; reverse primer: CTT CGA AGA TGA CCC GGA AG) and set 2 (forward primer: TCA AGG GGG AGA TAA AGA GTG; reverse primer: TGA GCA CGG GTT GCC TCA TC). The PCR products were used to produce a template for sequencing. PCR conditions were as follows: reaction volume, 25 ll; primers, 10 pM; template genomic DNA, 100 ng; denaturation at 94°C for 5 min and at 94°C for 40 s; at 53°C for 40 s and 72°C for 55 s for 35 cycles followed by a 3-min final extension at 72°C. The products of PCR were electrophoresed on 2% agarose gel and visualized with ethidium bromide staining under ultraviolet light to verify their size and quantity. They were sequenced with the Applied Biosystems (ABI) Prism BigDye Terminator Cycle Sequencing Kit and ABI 3100 DNA sequencer (PE Applied Biosystems, Foster City, CA) using the same forward and reverse primers. All PCR products were sequenced in both directions. Sequence variants in GJB2 are described according to the nomenclature recommendations of den Dunnen and Antonarakis (2001) and Ogino et al. (2007) . Novel missense variants identified in this study were analyzed using the PolyPhen (http://genetics.bwh.harvard.edu/pph/) and SNPs3D (http:// www.snps3d.org/) prediction software. The carrier frequency of the c.235delC found in this study was compared with that of other Asian populations using the 95% confidence interval of carrier frequency based on binomial probability distribution (Leemis and Trivedi 1996) .
Results
DNA from a total of 2,072 unrelated newborns with normal hearing (4,144 chromosomes) was sequenced for the coding region of GJB2. From these samples, 24 different sequence variants were identified, which were subclassified as 19 nontruncating and 5 truncating mutations. No sequence variants were found in 27.7% (573/2,072) of the samples. Eight pathogenic mutations including one novel mutation, c.292_298dup7 (p.H100PfsX4), were found in samples from 62 subjects (3%) in a heterozygous state (Table 1) : four frameshift mutations, c.176_191del16, c.235delC, c.292_298dup7 and c.299_300delAT; one insertion mutation, c.605ins46; and three missense mutations, p.V37I, p.G45E and p.R143 W.
With a carrier frequency of 1.35% (28/2,072) among the subjects, p.V37I was the most frequent pathogenic mutation, followed by c.235delC (p.L79CfsX3) (1.25%, 26/2,072). The novel mutation, c.292_298dup7 (p.H100PfsX4), was found in one subject. This duplication causes a frameshift at codon 100, resulting in termination at codon 103. The other deletion, c.299_300delAT (p.H100RfsX14), which causes a frameshift leading to an altered amino acid sequence from codon 100, followed by a stop at codon 113, was found in 3 (0.14%) of the 2,072 subjects in this study. Of the missense mutations, p.G45E (c.134G [ A) and p.R143 W (c.427C [ T) were each detected in one subject. No subject was homozygous or compound heterozygous for any pathogenic mutation.
Four polymorphisms (p.V27I, p.E114G, p.G160S and p.I203T) were also found in the coding region of GJB2. The p.V27I (allele frequency = 37.36%) and p.E114G (allele frequency = 19.64%) variants were the most common alleles detected in this study. Six unclassified variants, p.G4D, p.S85Y, p.T123 N, p.R127H, p.A171T and p.F191L, were also identified among the subjects, and six novel variants including three missense (p.W3T, p.I20L and p.K41E) and three silent variants (c.147C [ T, c.186C [ T and c.576A [ G) were found ( Table 1 ). The PolyPhen prediction tool predicts p.W3T to be probably damaging, while p.I20L and p.K41E are predicted to be benign (data not shown). SNPs3D predicts that the p.W3T would be deleterious, while p.I20L and p.K41E would be non-deleterious (data not shown). Both prediction tools gave similar results. Forty-two percent of the subjects carried two to four DNA sequence variants in the coding region of GJB2. The p.V27I/p.E114G compound heterozygote was the most common genotype (31.8%, 659/ 2,072).
As shown in Table 2 , the carrier frequency of the c.235delC was calculated to be 1.25% with 95% binomial CI, 0.82-1.83. Compared to other Asian populations, this frequency proved to be similar to that found in the Chinese (total carrier frequency, 1.05%), Japanese (total carrier frequency, 1.65%) and previously studied Korean populations (1%), but was higher than that of the Thai population (0.49%) and lower than that of the population of the Altai Republic (4.62%) (Liu et al. 2002; Xiao and Xie 2004; Dai et al. 2007; Abe et al. 2000; Ohtsuka et al. 2003; Wattanasirichaigoon et al. 2004; Posukh et al. 2005; Park et al. 2000) . In addition, the carrier frequency of the c.235delC found in this study is similar to that detected in the overall Asian population (1.32%, 95% binomial CI, 0.96-1.76).
Discussion
The mutation spectrum in the GJB2 gene in the Asian population is significantly different from that found in ethnic groups of European ancestry. In this study, we evaluated the prevalence of GJB2 mutations causing inherited deafness in the Korean population, and eight different variants associated with inherited deafness were identified. The carrier frequency of GJB2 pathogenic mutations was 3% in 2,072 unrelated newborns with IC intracellular, TM transmembrane, EC extracellular a Novel sequence variant b The c.176_191del16 mutation was previously identified in Korean and Japanese individuals with nonsyndromic hearing loss (Park et al. 2000; Abe et al. 2000; Ohtsuka et al. 2003) c The c.299-300delAT mutation has been reported, mainly Asians (Abe et al. 2000; Park et al. 2000) d One insertion mutation, c.605ins46, was previously found in a Japanese family with hearing loss (Yuge et al. 2002) and in a newborn with hearing loss in Northern China (Shi et al. 2004) e Classified in terms of their pathogenicity based on the PolyPhen and SNPs3D prediction softwares f The p.W3T was described as novel variant in the text and not counted for the carrier frequency of GJB2 pathogenic mutations normal hearing, which is similar to that found in the Caucasian population (2-3%) (Kelley et al. 1998; Green et al. 1999; Tang et al. 2006) . Taking into account this carrier frequency, 1 in every 4,468 subjects of the Korean general population would be homozygous or compound heterozygous for GJB2 mutations that cause inherited deafness.
The predominant mutation of GJB2 among East Asian populations is c.235delC (Fuse et al. 1999; Abe et al. 2000; Park et al. 2000; Liu et al. 2002) . In the present study, 26 of the 2,072 subjects (1.25%) were found to be carriers of the c.235delC mutation. In the study of Park et al. (2000) , c.235delC was found in one heterozygote (1%) among 100 normal controls, which is similar to the findings of this study. As shown in Table 2 , this is a lower rate than those of Korea's neighboring countries, Japan and the Altai Republic (which has a very mixed population, including Altian, Russian and mixed ethnicity) (Abe et al. 2000; Ohtsuka et al. 2003; Posukh et al. 2005) . However, this is a higher rate than that of China and Thailand (Liu et al. 2002; Xiao and Xie 2004; Dai et al. 2007; Wattanasirichaigoon et al. 2004 ). Yan et al. (2003) previously investigated a possible founder effect for c.235delC, which seems to be a unique mutation in Asian populations, including the Chinese, Japanese, Korean and Mongolian populations. A low frequency or absence of c.235delC carriers has been reported in the Caucasian population (Green et al. 1999; Yan et al. 2003; Tang et al. 2006 ). The c.35delG mutation was not found in this study performed on 2,072 newborns with normal hearing. In the other Korean study by Park et al. (2000) , there were two heterozygotes in 147 patients with non-syndromic hearing loss and one heterozygote in 100 normal controls.
The most frequent pathogenic mutation identified was p.V37I, with a carrier frequency of 1.35% in this study. Considering the genotype, the pathogenicity of the c.235delC mutation has been well-established because it results in a shift of the reading frame with premature termination of translation. The p.V37I variant, on the other hand, was originally described as a polymorphism because it was identified in an unaffected heterozygous control (Kelley et al. 1998 ). It has a high allele frequency in several populations (Ohtsuka et al. 2003; Hwa et al. 2003; Roux et al. 2004) . Over time, however, the mutation has been identified in numerous homozygous and compound heterozygous individuals with hearing loss (Wu et al. 2002) . The hearing loss was progressive in at least one severely affected patient who was homozygous p.V37I/ p.V37I (Bason et al. 2002) . Furthermore, the affected Valine residue in the first transmembrane domain is conserved throughout the beta-connexins (Rabionet et al. 2000) . Additionally, functional studies of electrical conductance between paired Xenopus oocytes showed that the mutation is devoid of function, which strongly supports pathogenicity (Bruzzone et al. 2003; Palmada et al. 2006 ). The p.V37I variant is classified as a mutation that causes a less severe phenotype than c.235delC, but that does result in mild-to-moderate hearing impairment in the compound heterozygous state (c.235delC/p.V37I) (Oguchi et al. 2005; Schrijver and Chang 2006) . Recently, p.V37I was again proposed to be pathogenic since it was found to be overrepresented among individuals with mild hearing impairment compared to ethnically matched controls, although the data were limited to subjects of Asian descent (Dahl et al., 2006; Huculak et al. 2006) . So far, p.V37I has been reported as a pathogenic change in mainly East Asians, including Japanese, Thai and Chinese individuals (Abe et al. 2000; Wattanasirichaigoon et al. 2004; Xiao and Xie 2004) . However, in the other Korean study by Park et al. (2000) , p.V37I was not found in 147 patients with non-syndromic severe-to-profound hearing loss and 100 controls. Also, the predominant mutation of GJB2 among East Asian populations was c.235delC, not p.V37I (Fuse et al. 1999; Abe et al. 2000; Liu et al. 2002) . First, possible explanations for this discrepancy include selection bias, such as mild hearing loss with p.V37I homozygotes not included in the study by Park et al. (2000) and other previous studies of Asian populations (Fuse et al. 1999; Abe et al. 2000; Park et al. 2000; Liu et al. 2002) . Second, the difference in allele frequencies may be the result of a difference in sample size in the studies. Third, p.V37I was associated with hearing impairment, but had significantly lower penetrance than other GJB2 mutations. There is also the possibility that p.V37I causes mild hearing impairment characterized by relatively late onset and progression (Pollak et al. 2007 ). Heterogeneity of hearing loss from mild to profound has been suggested to be correlated with the p.V37I variant. A multicenter study of GJB2 mutations and degree of hearing loss showed that the p.V37I variant was associated with mild hearing loss (Snoeckx et al. 2005) . Recent functional studies of the GJB2 mutations (Bruzzone et al. 2003; Palmada et al. 2006) suggesting that the p.V37I variant is pathogenic, coupled with the high frequency of the p.V37I variant in this Korean population, support the likelihood that the pathogenic effect of the p.V37I variant is being modified by other gene(s) and/or environmental factors. The novel mutation, c.292_298dup7 (p.H100PfsX4), results in truncation of the protein. In contrast to the number of point mutations, which is the most common type of GJB2 mutation reported, GJB2 mutations by duplication of the nucleotide(s) have not been reported previously. The current report is, therefore, the first of a GJB2 mutation by duplication. The possible causes of this duplication may be a slipped mispairing or homologous unequal recombination ). The p.G45E mutation is a nonconservative substitution in the N-terminal portion of the first extracellular loop of Cx26, in which most reported Keratitis-Ichthyosis-Deafness (KID) mutations are located (Griffith et al. 2006) . This mutation has also been detected in Japanese individuals with non-syndromic recessive deafness (Abe et al. 2000; Oguchi et al. 2005) . In this study, the p.G45E mutation was found in one subject with no known family history of KID syndrome or hearing loss. This mutation, p.R143 W, had initially been described as a pathogenic mutation with recessive inheritance (Brobby et al. 1998) . Recent functional analyses demonstrated that p.R143 W was unable to form functional connexins, and there was no dominant negative effect on wild type Cx26, which would support a recessive character of this mutation (Meşe et al. 2004; Palmada et al. 2006) .
Six previously reported unclassified variants, p.G4D, p.S85Y, p.T123 N, p.R127H, p.A171T and p.F191L, were identified in this study (Table 1 ). The p.G4D variant was previously reported by Roux et al. (2004) in a heterozygous state in one control and by Hwa et al. (2003) in a heterozygous state in seven Taiwanese patients. In the study of Tang et al. (2006) , the p.G4D variant was found in a heterozygous state in one Asian control and in one AfricanAmerican patient with no known family history of hearing loss. In this study, p.G4D was found in a heterozygous state in one subject. The p.T123 N variant was previously reported by Park et al. (2000) in a heterozygous state in one Korean patient and by Shi et al. (2004) in Northern Chinese patients and controls. In the study of Tang et al. (2006) , the p.T123 N variant was found in a heterozygous state in one Asian control. In this study, the p.T123 N variant was found in a heterozygous state in five subjects. To clarify the exact role of these variants, careful follow-up and functional studies are needed. The significance of the mutation p.R127H for disease phenotype has been a matter of discussion. It was thought to be a polymorphism (Marlin et al. 2001; Thönnissen et al. 2002) as well as a recessive mutation (Estivill et al. 1998; D'Andrea et al. 2002; Wang et al. 2003 ) because of genetic evidence and cell culture assays. The functional data presented by Palmada et al. (2006) support the view that the mutation is relevant, since the p.R127H mutation showed significantly smaller currents than wild-type hemichannels. In the study of Roux et al. (2004) , the p.R127H variants were found in a homozygous state in two normal-hearing individuals. Of the three novel missense variants (p.W3T, p.I20L and p.K41E), p.W3T is expected to be pathogenic, based on the findings of the PolyPhen and SNPs3D analyses, which suggested that substitution of amino acids might affect gap junction function. The three other novel variants (c.147C [ T, c.186C [ T and c.576A [ G) are not expected to alter the amino acid sequence of Cx26. As a result, it is reasonable to predict that these sequence variants might be benign, unless they interrupt a regulatory element.
Complexity of genotypes was observed in this study (data not shown). Forty-two percent of the subjects carried two to four DNA sequence variants in the coding region of GJB2. The p.V27I/p.E114G compound heterozygote was the most common genotype (31.8%, 659/2,072). The p.V27I polymorphism occurred without p.E114G in 462 individuals, while p.E114G occurred without p.V27I in only one individual. Seventy-seven individuals were homozygous for both p.V27I and p.E114G. These data suggest that p.V27I and p.E114G may frequently occur in cis.
In conclusion, the GJB2 pathogenic mutations in a Korean population were identified with a high carrier frequency (3%) similar to that of Caucasian populations. The present study revealed the existence of eight different pathogenic mutations, including four frameshift, one nonsense and three missense mutations in the general Korean population. These results provide a fundamental basis for drawing a spectrum of GJB2 mutation among the Korean population. Additionally, the diversity of GJB2 mutations identified in this Korean population points to the importance of genetic testing by direct sequencing of the entire coding region.
